The 16-station RandomPOD pin-on-disk device with non-cyclic biaxial motion and load was used to study the effect of contact area on the wear of ultrahigh molecular weight polyethylene as used in total hip prostheses. The counterface was polished CoCr and the lubricant was diluted serum. The wear factor increased strongly and linearly with increasing contact area, which was in agreement with clinical findings for total hip prostheses. The coefficient of friction also increased strongly with increasing contact area. With small contact area the lumpy topography of the worn surface differed from the burnished appearance typical of retrieved acetabular cups. The nominal contact pressure should be kept below 2 MPa in pin-on-disk tests intended to simulate clinical wear mechanisms.
Introduction
In the field of orthopaedic tribology, it is common to perform basic research by utilizing the pin-on-disk (POD) simplification of the contact geometry [1] . The type of the relative motion and of the lubricant have been shown to be important in the reproduction of clinical wear mechanisms [2] [3] [4] [5] [6] . Usually, a test is run at 1 Hz for at least 3 million cycles (6 weeks). In POD testing, the efficiency can be readily increased by increasing either the number of test stations, up to 100 [7] , or the test frequency, up to 25 Hz [8] , provided that the velocity remains at a reasonable level. In full-scale hip and knee joint simulator studies, this is not similarly possible. If several materials are to be compared, the capacity problem, and consequently the need for valid pin-on-disk wear screening, become obvious.
The 16-station, non-cyclic RandomPOD wear test device was recently introduced [9, 10] .
The rationale for developing the RandomPOD was to completely avoid the simplified cyclic features of the wear test regarding the motion and load profiles, and still produce a realistic range of motion, velocity, acceleration and its derivative, and dynamic load. One important parameter in POD testing is the contact pressure [11] . In the present study, the effect of contact pressure on wear was studied in the RandomPOD for the first time by varying the contact area of the ultrahigh molecular weight polyethylene (UHMWPE) pin. It was shown in earlier circular translation pin-on-disk (CTPOD) studies that if the nominal contact pressure exceeds the critical limit of 2 MPa, the worn bearing surface topography differs from clinical observations, according to which burnishing is the predominant feature [12, 13] . Above 2 MPa, protuberance formation is observed which is probably caused by thermal effects and plastic deformation. The lumpy topography was associated with considerable reduction of the wear factor and of the coefficient of friction, which is unlikely to be in agreement with the in vivo tribological behavior of UHMWPE. Based on the earlier CTPOD studies [11] , it was hypothesized that to produce realistic RandomPOD hip wear simulation for UHMWPE, the average nominal contact pressure should not exceed the critical limit of 2 MPa. 4 
Materials and Methods
The 16-station, computer-controlled RandomPOD wear test system has been described elsewhere [9, 10] . Briefly, the pin translated biaxially and non-cyclically relative to the disk so that the slide track remained within a circle 10 mm diameter (Fig. 1) surrounded the test chambers [7] . The test duration was 37 days. The test was stopped at intervals of 147 hours (8.2 km) for the gravimetric wear measurement of the pins [7] . From the 6 wear values, the wear rate (mg/km) was obtained for each pin by linear regression. The first 147 h (origin) was omitted in the regression as running-in wear. The wear factor k (mm 3 /Nm) was obtained by multiplying the wear rate by the sliding distance between the 1st and the 6th measurement points (41 km) and dividing by the density (0.935 mg/mm 3 ) and by the integral of the product of the instantaneous load and the incremental sliding distance between the 1st and the 6th measurement points (3.015 × 10 6 Nm). The product was numerically integrated at 100 Hz. 5 The friction tests were run after the wear tests for each pin with the friction measurement circular translation pin-on-disk (CTPOD) device [11] , as the RandomPOD is purely a wear test device without friction measurement accessories. The disk was supported by low-friction ball bearings so that it could theoretically rotate freely about the vertical axis, but the rotation was prevented by a load cell, from the signal of which the frictional force was calculated. The load was constant, 73.5 N, which was the mean value of the wear tests. The lubricant environment was as in the wear tests, diluted Alpha Calf serum at 20 °C. The friction tests were run for 2 hours after which the steady state frictional force value was recorded.
Results
The wear factor k increased strongly and linearly with increasing contact area A ( 
Discussion
The observations of the increase of both k and µ with decreasing contact pressure, and the lumpy topography with high contact pressures were similar to the earlier findings with the circularly translating pin-on-disk (CTPOD), in which the pin diameter was 9.0 mm and the 6 static load was varied [11] . Apparently, these phenomena were not sensitive to the type of multidirectional motion or to the type of load. The same type of gamma-inert-sterilized UHMWPE was used in these two studies. It was not surprising that a polyethylene surface with protuberances here and there proved to be advantageous for lubrication, as indicated by the low µ values with 4.0 mm and 6.5 mm contact diameters. Between the contact spots, formed by the protuberances, lubrication was likely to be enhanced. Logically, this reduced wear. Alternatively, the high contact stresses on the contact spots caused heating that reduced the UHMWPE wear. It may be further speculated that the actual contact stresses were so high that they led to the formation of the protuberances by plastic deformation, contributed by the elevated contact temperatures.
Contact diameters of 9.0 mm and 12 mm resulted in a nearly mirror-like surface, with which k and µ were significantly higher, probably due to a poorer lubrication (flat-on-flat contact between two polished surfaces), despite the fact that the contact pressures were low. The protuberances on the edge (Figs. 4C and 4D ) can be explained by the fact that the true contact stresses were higher on the leading edge. The pin was guided by a precision shaft with a finite clearance (c. 0.01 mm) so that the true pin loading would not be affected by wear [9] . The frictional force slightly tilted the shaft together with the pin. As the direction of sliding relative to the pin changed continually (500°/s on the average), all locations on the edge acted as the leading edge at times. It should be noted that burnishing is the predominant feature on 7 retrieved polyethylene acetabular cups of well-functioning total hip prostheses [1214]. This is commonly considered to be an indication of adhesive wear to be the principal wear mechanism [1214]. Therefore, the k and µ values obtained with the lumpy surfaces, that is, with excessive contact pressures, were likely to be underestimates, as the topography of the plastically deformed surface markedly differed from clinical observations. However, fine multidirectional scratches, seen on all pins (Fig. 4) , are typical observations clinically
[1214], which indicates that the abrasive wear mechanism is also present.
The fact that the wear factor strongly increased with increasing contact area (Fig. 2 ) was in agreement with clinical findings that the wear rate of UHMWPE acetabular cups increase with increasing femoral head diameter [12] . The wear rate against 32 mm femoral heads was twice that against 22 mm heads in the revision group. In other words, and increase of the head diameter by 45 per cent resulted in an increase of wear rate by 100 per cent. If the two largest pin diameters of the present study, 9.0 mm and 12 mm, are compared, an increase of the pin diameter by 33 per cent resulted in an increase of the wear factor (and wear rate) by 76 per cent (Fig. 2) . This diametral dependence was very close to the clinical finding [12] . The above indicates that a larger contact area results in a higher wear rate simply because the surface that releases wear particles is larger. The lower contact stresses do not seem to efficiently counteract this detrimental tendency so that the rate of particle release would be lower.
Laboratory tests actually showed the opposite [11] . The wear rate increased as the nominal contact pressure decreased from 11 MPa to 2 MPa. However, in the use of contemporary crosslinked polyethylene materials with improved wear resistance, large femoral heads are currently favored because of a lower risk of dislocation. This unfortunately leads to a lower cup thickness and therefore to an increased risk of cup fracture. A large femoral head also leads to a higher frictional torque due to a larger moment arm, irrespective of the type of UHMWPE. Note that with respect to the wear rate, the sliding distance per cycle, that increases with increasing head diameter, has been shown to be unimportant [15] . 8 A mean clinical wear factor, 2.1 × 10 -6 mm 3 /Nm, for the UHMWPE acetabular cup of the Charnley design with 22 mm femoral head diameter can be found from literature [16] . The range was wide, covering nearly two orders of magnitude, from slightly above 1 × 10 The fact that the wear and friction tests were run with two different devices may be considered a limitation of the study. The procedure can be justified as follows. First, both devices were nevertheless multidirectional, and the lubrication environment was uniform.
Second, the observed difference in the frictional behavior between the two very different types of polyethylene bearing surface topographies formed in the wear test, lumpy (µ  0.05) and mirror-like (µ  0.3), was indisputable.
Conclusions
In multidirectional pin-on-disk hip wear simulation of UHMWPE, the nominal contact pressure should not exceed 2 MPa in order not to produce unrealistically low wear and friction values, or bearing surface topographies which indicate wear mechanisms that do not occur clinically. Particularly, the protuberance formation appears to be a phenomenon related to the flat-on-flat tests conditions and augmented by frictional heating and plastic deformation. With conventional UHMWPE, the wear factor should rather be substantially above 2.0 × 10 -6 mm 3 /Nm than substantially below this value. 
